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POREWORD 

The  application  of  hydraulic  fracturing  to  gas  wells  is  a 
relatively  new  technique  in  Western  Pennsylvania.  This  paper  presents 
a  study  and  evaluation  of  much  of  the  obtainable  data  with  a  view  toward 
increasing  the  success  of  this  process  and  increasing  gas  production  in 
this  area. 

The  author  wishes  to  gratefully  acknowledge  the  cooperation  and 
assistance  rendered  by  personnel  of  the  Equitable  Gas  Company,  the  People's 
Natural  Gas  Company,  and  the  New  York  State  Natural  Gas  Corporation^  to 
Professor  H.  G.  Botset,  Head  of  the  Petroleum  Engineering  Department, 
University  of  Pittsburgh,  and  Professor  P.  F.  Fulton,  Professor,  Petroleum 
Engineering  Department,  University  of  Pittsburgh,  for  their  helpful  com- 
ments and  suggestions j  and  to  the  U.  S,  Naval  Post  Graduate  School, 
Monterey,  California,  through  whose  sponsorship  this  study  was  made  possible. 


I.   INTRODUCTION 

Pennsylvania  is  the  oldest  oil  and  gas  producing  state  and  the  one 
in  -which  the  industry  had  its  beginning.  In  the  years  1867  to  1870,  the 
Bradford  RLeld  was  developed  making  it  at  that  time  the  major  producing 
area  in  the  world.  Since  then  Pennsylvania  has  declined  in  importance 
as  an  oil  and  gas  producing  state.  However,  through  the  recent  develop- 
ment of  a  technique  known  as  hydraulic  fracturing,  it  may  be  possible  for 
production,  particularly  gas,  to  be  increased  in  this  important  producing 
state.  Except  for  a  few  isolated  experiments,  this  technique  was  not  used 
in  Pennsylvania  until  early  1954, 

Hydraulic  fracturing  is  a  process  of  pumping  a  viscous  fluid  con- 
taining a  "propping  agent"  under  high  pressure  down  through  a  well  bore 
and  into  the  producing  information,,  The  purpose  of  this  process  is  to 
cause  a  splitting  in  a  desired  section  of  a  formation  and  thus  make  one 
or  more  connecting  channels  for  flow  into  the  well  bore.  The  propping 
agent  serves  to  hold  the  channels  open  after  the  pressure  is  withdrawn. 

Although  most  producing  formations  in  Western  Pennsylvania  respond 
well  to  hydraulic  fracturing,  this  area  is  the  most  difficult  in  which  to 
aPPly  "khe  treatment.  This  condition  exists  for  two  reasons,  the  first 
being  pcor  completion  practices  such  a  running  as  little  casing  as  pos- 
sible ^  shooting  the  producing  formation,  cleaning  out,  and  producing  at 
maximum  rates.  Such  wells  are  not  suitable  for  fracturing.  The  second 
obstacle  is  the  complete  lack  of  records  on  reservoir  information  and 
engineering  data.  Such  information  consists  of  porosity,  permeability, 
temperature  and  formation  thickness.  In  many  cases,  it  is  not  even 
known  whether  a  well  was  shot  or  what  completion  method  was  used. 


Sines  no  organized  study  had  ever  been  conducted  of  the  available 
information  on  fractured  wells   in  Western  Pennsylvania,   it  was  decided 
that  an  excellent  opportunity  now  existed  to  do  so.     Only  the  gas  phase  of 
the  industry  will  be   considered  in  establishing  criteria  for  the  applica- 
tion of  hydraulic  fracturing  with  a  view  toward  increasing  its  chance  of 
success. 


A.  Review  of  Hydraulic  Fracturing 

quite  some  time  during  cementing  or  water  flooding  operations ? 
it  had  been  noted  that  the  use  of  high  pressure  would  cause  parting  in  a 
formation  with  resultant  loss  of  fluid.  This  parting  or  fracturing  in  a 
formation  was  to  be  avoided  and  usually  occurred  when  a  pressure  was 
obtained  of  approximately  one  pound  per  square  inch  per  foot  of  depth. 
The  Research  Department  of  the  Stanolind  Oil  and  Gas  Company  experimented 
with  this  fracturing  and  developed  a  process  which  it  licensed  and  patented 
in  1949  under  the  trade  name  Hydra frac.  The  process  has  been  accepted  and 
has  grown  in  five  and  one-half  years  from  a  treatment  rate  of  18  wells  per 
month  to  over  3000  wells  per  month  in  1955  and  with  over  30  organizations 
now  licensed  to  perform  fracture  service,,  While  this  process  is  primarily 
used  to  increase  and  extend  production,,  it  has  a  secondary  application  in 
increasing  water  flow  in  injection  wells  in  water  flood  operations  and  in 
gas  storage  fields  to  increase  the  rate  at  which  gas  may  be  injected,  and 
of  more  i    I  tnce5  withdrawn  during  periods  of  high  consumption,, 
1.  Types  of  fracturing  Fluids 

The  fracturing  process  is  known  by  several  different  names 5  some 
of  them  being  patented  and  named  for  the  fracturing  fluid  used.  The  pur- 
pose of  the  different  combinations  being  to  obtain  a  fluid  that  is  the 
least  foreign  and  most  compatible  to  the  formation  being  fractured.  Ad- 
ditional desirable  characteristics  are  low  fluid  loss,,  minimum  plugging 
effect  on  the  formations  and  viscosity  consistent  with  required  sand  sus- 
pending properties.  A  lower  viscosity  will  reduce  the  frictional  drop  in 
the  tubing  and  reduce  pump  requirements.  Some  of  the  more  commonly  known 
types  of  fracturing  fluids  are  as  follows • 


Gel  Erac  which  is  a  trade  name  given  to  a  viscous  gel  prepared 
from  a  hydrocarbon,  such  as  kerosene,  diesel  oil  or  special  oil  mixtures 
which  have  been  treated  with  an  additive  such  as  napalm  to  give  the  fluid 
sufficient  viscosity. 

Emulsifrac  is  a  trade  name  applied  to  a  crude  oil  jelled  by  use 
of  an  additive.  There  is  a  convenience  and  economic  advantage  in  using 
oil  that  is  produced  in  the  well. 

Acid  Erac  is  any  viscous  fluid  which  contains  from  five  to  twenty 
per  cent  acid.  This  particular  mixture  finds  a  use  in  calcareous  formations. 

Water  Erac  is  the  name  applied  to  a  method  for  thickening  water 
for  fracturing  purposes,  especially  useful  for  water  wells,  water  disposal 
and  injection  wells  for  water  flooding.  A  recent  development  in  the  San 
Juan  Basin  has  been  the  successful  fracturing  of  gas  wells  using  only 
water  without  sand. 
2.  Eracturing  Procedure 

The  procedure  for  hydraulic  fracturing  may  be  broken  down  into  four 
basic  components.  However,  it  must  be  realized  that  there  are  many  varia- 
tions within  each  component  and  possible  combinations  of  the  components, 
depending  on  the  "tailored"  treatment  desired  for  a  particular  well  bore. 

a.  The  first  step  is  the  preparation  of  the  fracturing  fluid  which 
was  described  in  the  previous  section  under  types  and  which  is  selected 
according  to  the  type  of  well  bore  and  formation  to  be  treated.  Diesel 
oil  and  kerosene  are  the  most  common  fluids  used  for  gas  wells  with  kerosene 
being  used  almost  exclusively  in  Western  Pennsylvania.  Sand,  which  serves 
as  a  propping  agent  in  the  crevices  of  the  fractures,  is  then  added  to 
this  fluid  in  proportions  of  from  one-quarter  to  three  or  more  pounds  per 
gallon. 


b.  The  second  consideration  and  probably  most  important  is  to  ob- 
tain a  high  pressure  and  injection  rate  using  high  pressure  pumps.  The 
pressure  exerted  mast  be  in  excess  of  that  due  to  the  overburden  and  the 
pressure  is  transmitted  to  the  formation  by  the  viscous  fluid  pumped  into 
the  treated  zone.  The  pumps  used  must  be  of  suitable  capacity  and  horse- 

■■:.   1,0  obtain  the  proper  pumping  rate  and  pressure  to  make  and  extend 
the  fractures.  This  phase  of  the  procedure  will  be  discussed  in  more  de- 
tail as  it  is  the  part  of  the  procedure  that  may  be  responsible  for  a  suc- 
cessful or  unsuccessful  fracture. 

c„  The  third  step  in  the  process  is  the  addition  to  the  fracturing 
fluid  of  a  concentrated  gel  breaker  to  insure  complete  break  down  of  the 
viscous  gel  especially  in  low  temperature*  dry  gas  reservoirs. 

d.  The  fourth  step  is  the  reverting  of  the  viscous  gel  to  a  low 
viscosity  fluid  in  a  period  of  hours.  On  release  of  the  excessive  pressure 
which  was  necessary  to  fracture  the  formation*  the  sand  acts  as  a  propping 
agent  to  hold  open  the  fracture  and  the  natural  production  flushes  the 
treating  chemicals  from  the  formation.  If  the  production  does  not  accom- 
plish this  natural  flushing,  then  the  well  must  be  cleaned  out. 


B.  Major  Gas  Producing  Formations 

The  Appalachian  Geosyncline  is  made  up  of  three  major  basins.     A 
southern  basin  witii  its  thickest  sediments  near  Birmingham,  Alabama,   a 
central  basis  with  its  thickest  sediments  near  Elkins,  West  Virginia,   and 
a  northern  basin  with  its  thickest  sediments  near  Altoona,   Pennsylvania. 
Northwest  of  the  Appalachian  Geosyncline  and  roughly  paralleling  it  lies 
the  Cincinnati  Arch.     Geographically,  western  Pennsylvania  lies  to  the 
west  of  the  northern  basin  where  the  formations  dip  down  sharply  from  the 
Cincinnati  Arch  to  the  northern  basin. 

Gas  has  been  found  in  western  Pennsylvania  in  twenty-seven  dif- 
ferent geological  formations.     However,   only  about  a  dozen  produce  in  any 
commercial  quantities  with  the  Bradford  being  the  foremost  producer.     Other 
gas  producing  formations  to  be  considered  are  the  Gordon  Third  sand,  Fourth 
sand,  Fifth  sand,   Bayard,   Speechley,    Tiona,    Ball  town,   Sheffield,   Kane,  Elk 
and  Oriskany. 


II.  ANALYSIS  OF  WELLS  BEFORE  FRACTURING 
A.  Production  History 

In  evaluating  a  well  for  the  application  of  hydraulic  fracturing, 
its  production  history  is  one  of  the  more  important  factors  to  be  con- 
sidered s  It  is  quite  obvious  that  a  depleted  reservoir  is  not  going  to 
react  with  as  great  a  production  increase  as  a  reservoir  that  is  in  its 
early  production  life  and  retains  most  of  its  original  recoveraole  gas. 
In  general,  if  a  well  has  declined  very  slowly  over  a  period  of  years,  it 
can  be  assumed  that  the  decline  was  due   to  normal  withdrawal  of  the 
recoverable  gas  and  depletion  of  the  bottom  hole  pressure.  In  contrast, 
consider  a  well  which  was  brought  in  with  a  high  initial  production,  then 
declined  very  rapidly  to  a  lower  level  which  it  maintained  as  a  relatively 
flat  decline  curve  over  a  period  of  time.  In  this  type  of  production,  the 
possibility  exists  of  having  exhausted  the  producible  gas  under  the  exist- 
ing permeability  and  pressure  conditions  fairly  close  to  the  well  bore. 
If  this  assumption  Is  correct  and  the  well  is  fractured,  increasing  the 
flow  channels  about  the  well  bore,  there  is  an  excellent  chance  of  in- 
creasing and  maintaining  a  higher  production  rate. 

The  maximum  efficient  production  rate  of  a  well  is  another  impor- 
tant factor  in  considering  a  well  for  fracturing.  Any  well  that  has  been 
produced  beyond  its  M.E.R,  for  any  length  of  time  must  be  evaluated  with 
eautionc  Subjecting  gas  wells  to  extreme  conditions  of  flow  causes  sand 
formations  in  the  Trail  to  cave,  aggravates  water  "coning,"  channeling  and 
increases  the  possibility  of  trapping  gas  in  the  underground  reservoir 
with  water.  Such  damage  to  the  well  is  permanent  and  it  usually  will 
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not  respond  to  fracturing.  In  other  words,  production  from  the  reservoir 
will  not  be  helped  by  increasing  the  flow  channels  around  the  well  bore* 
A  gas  well  producing  other  than  connate  water  is  almost  100  per  cent 
certain  to  show  little  or  no  improvement  on  fracturing. 


B.  Well  Completion 

In  considering  well  completion  methods,  it  should  be  remembered  that 
hydraulic  fracturing  is  as  effective  through  perforations  in  casing  as  it 
is  in  open  hole.  For  economical  reasons,  most  gas  wells  have  not  been  pro- 
perly cased  and  since  the  advent  of  fracturing,  it  has  become  undesirable 
to  have  several  hundred  feet  of  open  hole  and  a  shot  hole  or  pocket  below 
the  producing  formation.  Improper  well  completion  methods  may  be  a  contrib- 
uting cause  of  a  permeability  block  about  the  well  bore.  In  addition,  the 
well  must  be  completely  clean  before  fracturing.  If  it  has  been  properly 
completed,  it  should  stay  clean  after  fracturing  and  the  production  curve 
well  not  dip  sharply  after  a  short  production  period. 
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C.  Application  of  Engineering  Principles 

1.  Volume  and  Injection  Rate 

The  effectiveness  of  any  fracture  is  dependent  upon  the  extent  of 
that  fracture  from  the  well  bore  into  the  formation  "with  as  little  loss  of 
the  fracturing  fluid  as  possible.  To  obtain  effective  fractures  requires 
a  high  fluid  injection  rate  during  the  fracturing  process.  This  rate  of 
fluid  displacement  into  the  well  bore  is  directly  proportional  to  the 
injection  pressure  and  inversely  proportional  to  the  viscosity  of  the 
fluid.  The  injection  rate  becomes  of  more  concern  as  the  fracture  is 
extended  due  to  unavoidable  fluid  loss  and  increase  of  fracture  volume, 
George  Roberts,  Jr.  gives  the  following  estimates  of  fluid  required  to 
achieve  the  iracture  radius  in  tight  formations  with  one  pound  of  sand 
added  per  gallon  of  fluid. 

Bbls.  of  Fracturing  Fluid     Radius  in  Feet 

20  -  40  100 

200  -  400  200 

£00  -  80u  400 

1000  -  2000  600 

If  sufficient  reservoir  and  well  data  were  available,  it  would 
be  possible  to  determine  if  a  well  had  a  permeaoility  block  about  the 
well  bore.  Such  a  well  would  be  a  good  prospect  for  fracturing  to  in- 
crease ohe  flow  channels  into  "che  well.  This  permeability  block  is  refer- 

2  3  4 
red  to  as  the  skin  effect  '  '  which  has  been  recognized  and  discussed  in 

the  literature.  Investigators  have  attempted  to  explain  marked  incon- 
gruities that  appear  in  the  pressure  behavior  of  draw  down  and  build  up 
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curves.  These  pressure  curves  are  indicated  by  a  bottom-hole  pressure  gage 
in  a  flowing  well  followeu  by  a  periud  of  shut-in  and  compared  with  the 
theoretical  aspects  of  fluid  flow  into  a  well.  If  fluid  flows  were  computed, 
it  would  be  found  that  a  large  pressure  gradient  exists  in  the  immediate  or 
the  adjacent  areal  extent  in  the  sand  close  to  the  we'll  bore.  In  explana- 
tion of  these  excessive  pressure  gradients ,  it  is  assumed  that  permeability 
of  the  formation  at  and  near  the  well  bore  is  substantially  reduced  for 
some  reason.  This  reduction  in  permeability  can  be  caused  in  a  gas  well 
by  such  things  as  improper  drilling,  completion,  and  production  practices* 

To  visualize  the  problem,  the  well  bore  may  be  considered  to  be 
entirely  sheathed  in  a  semi -impervious  skin  which  hydraulic  fracturing 
with  its  long  extended  crevices  would  be  ideally  suited  to  penetrate. 
However,  it  is  not  possible  to  use  this  direct  skin  effect  calculation  as 
a  positive  means  of  selecting  wells  for  fracture  and  one  must  resort  to 
round-about  ways  of  solving  the  problem. 

It  has  been  established  that  increasing  the  radius  of  a  fracture 
will  produce  a  corresponding  increase  in  production  after  break-through  of 
any  existing  permeability  block. 

An  electric  analog  study  has  been  conducted  by  Dr,  Paul  Crawford 
to  determine  the  effect  of  .fracture  size  on  productivity.  This  study  of 
necessity  represents  conditions  of  uniform  vertical  and  horizontal  per- 
meability, but  it  does  give  valuable  and  usable  information.  From  this 
study,  fracture  systems  appear  to  fall  into  the  following  categories: 

One  or  more  vertical  fractures 

One  or  more  horizontal  fractures 

Random  fractures  in  various  planes. 
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In  this  study,    it  was  shown  that  the  effectiveness  of  any  one  size  frac- 
ture will  vary  little  more  "than  ten  per  cent  regardless  of  the  plane  in 
which  the  fracture  is  lying.     The  study  also  illustrates  the  increase  to 
be  expected  by  extending  a  fracture  beyond  a  blocked  area  and,    therefore, 
changing  the  flow  pattern  to  increase  productivity  bj  a  factor  of  four  or 
five. 

The  electric  analog  study  revealed  further  information  concerning 
single  and  multiple  fractures. 

a.  When  vertical  and  horizontal  permeability  are  the  same,    one 
75  foot  fracture  will  produce  at  the   same  rate  as  two  75  foot  fractures. 
Is  the  fractures  become  longer,   some  benefit  can  be  derived  from  two  frac- 
tures.    As  the  fractures  become  shorter 5    no  benefit  can  be  gained  by  pro- 
ducing through  more  than  one  fracture. 

b.  When  the  horizontal  permeability  is  three  times  the  vertical 
permeability,    two  75  foot  fractures  will  produce  about  1.25  times  the  fluid 
that  can  be  produced  by  one  75  foot  fracture.     Three  75  foot  fractures  will 
produce  little  more  than  twice  that  of  one  fracture. 

c.  When  the  horizontal  permeability  is  five  times  the  vertical 
permeability,   two  75  foot  fractures  will  produce  twice  as  much  as  one  frac- 
ture, three  75  foot  fractures  will  produce  only  1.1  times  as  much  fluid  as 
two  fractures. 

The  above  conditions  are  true  in  pay  zones  having  thicknesses  up 
to  150  feet  and  in  wells  having  100  per  cent  permeability  block  except  at 
the  point  of  fractures. 
2.     Single  and  Multiple  Fracture  Methods 

There  are  two  distinct  methods  to  be  considered  in  applying  the 
fracturing  process  to  wells,   the  single  fracture  method  and  the  multifrac 
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method  in  which  the  process  is  applied  two  or  more  times.  The  single  frac- 
ture method  is  generally  recommended  when  thin  sections  of  a  formation 
usually  under  30  feet  are  to  be  fractured.  The  cracks  or  fractures  offer 
only  negligible  resistance  to  the  flow  of  gas  and  are  capable  of  increas- 
ing well  productivity  by  exposing  large  areas  of  the  producing  formation 
to  relatively  open  drainage  channels,  thereby  reducing  the  resistance  to 
flow  of  the  gas  to  the  well. 

In  field  application,  it  is  not  always  possible  to  isolate  properly 
that  portion  of  the  producing  formation  to  be  treated  and  many  times  it  is 
desired  to  fracture  a  very  thick  formation  of  two  or  more  producing  zones* 
This  led  to  the  development  of  the  multiple  fracture  technique  wherein  a 
single  fracture  is  created  and  then  plugged  at  its  face  on  the  well  wall 
by  introducing  into  the  fracturing  fluid  a  suitable  plugging  material  to 
prevent  further  penetration  into  the  crack.  By  so  restricting  the  fractur- 
ing fluid  to  the  well  bore,  it  is  then  possible  to  increase  the  hydraulic 
pressure  in  the  hole  to  some  higher  vahie,  at  which  another  fracture  occurs 
at  some  other  elevation.  Each  fracture  so  formed  is  extended  with  the  frac- 
turing fluid  containing  no  plugging  material.  By  repeating  this  procedure, 
sealing  successively  formed  fractures  with  a  suitable  plugging  material, 
it  is  possible  to  create  multiple  fractures  in  any  one  isolated  section  of 
the  well.  The  two  key  points  on  which  the  success  of  the  multiple  fractur- 
ing method  depends  are:  effective  sealing  of  previously  formed  fractures 
and  removal  of  the  plugging  agent  at  the  completion  of  the  treating  opera- 
tion to  allow  free  flow  of  the  gas  into  the  well  through  all  the  fractures 
created. 

In  multiple  fracturing,  the  plugging  agent  must  obviously  be  tempo- 
rary in  nature  so  that  it  will  not  restrict  fluid  flows.  Among  other  factors 
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which  must  be  considered  are  effect  of  temperature  and  pressure,  and  the 
melting  point  and  solubility  of  the  agent.   The  material  most  commonly 
used  at  the  present  time  to  meet  these  requirements  is  compressed  and 
ground  pellets  of  naphthalene. 


III.  ANALYSIS  OF  WELLS  AFTER  FRACTURING 
A.  Comparison  of  Data 

An  accurate  and  reliable  evaluation  of  a  well's  performance  and  its 
comparison  with  other  wells  must  be  based  upon  complete  and  accurate  en- 
gineering information.  In  making  this  study,  the  lack  of  adequate  engi- 
neering data  on  wells  in  the  area  was  soon  realized.  The  technique  of 
fracturing  in  Western  Pennsylvai  ia  is  so  new  that  there  is  no  real 
standardization  for  taking  and  recording  field  data.  The  kind  and  quan- 
tity of  data  tak  en  in  one  area  would  vary  considerably  from  that  taken  in 
another  area  and  it  would  also  vary  among  the  different  companies.  To 
further  add  to  the  difficulties,  vital  field  data  would  be  carelessly 
recorded,  if  not  left  out  entirely.  If  the  missing  information  could  not 
be  located,  it  was  necessary  to  disregard  the  well  so  that  the  over-all 
results  would  not  be  distorted.   In  some  cases,  wells  were  used  for  the 
information  they  would  contribute  to  a  certain  phase  of  the  study. 

After  assembling  and  tabulating  all  the  data  that  could  be  obtain- 
ed within  the  available  time,  it  was  decided  to  use  146  wells  in  Western 
Pennsylvania  that  contributed  the  most  information  both  in  quantity  and 
accuracy  upon  which  to  base  comparisons.  All  data  used  are  tabulated  for 
ready  reference  in  the  four-  appendices.  Appendix  I  is  a  tabulation  of  the 
general  description  and  performance  of  the  wells.  Appendix  II  is  a  tabu- 
lation of  the  hydraulic  fracturing  information  that  could  be  found  on  each 
well.  Appendix  III  lists  74  wells  on  which  monthly  gas  production  could 
be  obtained  before  and  after  the  fracturing  treatment.  Appendix  IV  lists 
37  wells  on  which  a  break  down  of  costs  is  given  in  tabulated  form. 
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1«  Engineering  Data 

Normally  a  gas  well  operator  cares  very  little  about  any  engineer- 
ing data  on  his  well  and  most  times  knows  nothing  about  it,  his  only  con- 
sideration being  that  it  is  producing  gas  and  showing  a  profit.  However, 
if  this  same  operator  considers  hydraulic  fracturing  his  well  to  increase 
production  and  profits,  he  suddenly  becomes  very  interested  in  how  and 
why  his  well  is  producing  and  endeavors  to  enlighten  himself  on  this  new 
born  interest.  Hydraulic  fracturing  is  not  a  panacea  for  all  production 
ills  and  its  costs  must  be  carefully  considered  against  possible  increase 
in  future  production.  Making  this  decision  rests  purely  on  an  analysis 
of  what  information  can  be  obtained  about  the  well. 

Usually  the  age  of  the  well  is  known,  that  is  how  long  it  has  been 
producing,  the  current  and  cumulative  gas  production  is  known  and  a  measure- 
ment can  be  made  of  its  open  flow  to  the  atmosphere  by  pitot  tube.  The  well 
is  normally  but  not  always  shut-in  for  a  period  of  time  and.  its  well  head 
pressure  taken.  The  period  of  shut-in  depends  on  the  whim  of  the  operator 
and  how  long  he  desires  to  lose  production  on  that  well.  Most  operators 
allow  at  least  24  hours  and  some  much  longer  time  depending  on  the  rate  of  ■ 
build  up  and  whether  or  not  sufficient  pressure  is  recorded.  The  combina- 
tion of  the  open  flow  and  well  head  pressure  measurements  are  usually  the 
determining  factor  whether  or  not  a  well  will  benefit  from  a  fracture 
treatment.  This  combination  may  be  considered  in  different  ways.  A  well 
is  given  an  even  chance  if  it  has  a  low  open  flow  and  high  well  head  pres- 
sure or  low  well  head  pressure  and  high  open  flow.  It  has  an  excellent 
chance  if  both  open  flow  and  well  head  pressure  are  high  and  a  poor  chance 
if  both  open  flow  and  well  head  pressure  are  small.  Of  course,  this  con- 
sideration is  always  tempered  with  the  performance  of  other  wells  in  the 
area  and  the  current  gas  production. 
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2.  Geological  Data 

The  thickness  of  the  formations  and  the  location  and  thickness 
of   the  }Dr educing  zones  are  in  very  many  cases  taken  from  driller's  logs. 
In  some  instances  electric  logs   and  temperature  surveys  have  been  made 
prior  to  fracturing  in  order  to  locate  the  zones  more  accurately.     In 
the  wells  being  considered,    the  Bradford  formation  runs  from  a  minimum 
thickness  of  seven  feet  to  a  maximum  of  177  feet  with  an  average   of  h$ 
feet.      The  Speechley  formation  runs  from  a  minimum  of  18  feet  to  55 
feet  with  an  average  of  3h-l/2  feet.     The   Tiona  formation  runs  from  a 
minimum  of  11  feet  to  a  maximum  of  26  feet  with  an  average  of  19  feet. 
The  Fourth  and  Fifth  sands  have  an  average  of  18  and  30  feet  respectively. 
On  four  wells,  the  Ball  town  showed  an  average  of  25  feet.     On  five  wells, 
the  Sheffield  showed  an  average  of  33  feet,   the  Kane  an  average  of  II4-I/3 
feet  on  six  wells.     The  Oriskany  ran  from  a  minimum  of  92  feet  to  a 
maxinum  of  2hl  feet  with  an  average  of  123  feet  on  seven  wells.     The 
Bayard  formation  averaged  16  feet  on  two  wells. 

3.  Application  of  Methods 

The  final  selection  for  the  method  of  hydraulic  fracturing  a  well 
is  dependent  on  several  factors.     To  be  considered  are  the  formation 
thickness,   the  number  of  producing  zones,   the  thickness  of  each  and  what 
the  size  of  the  fracture  zone  or  zones  will  be.     At  this  point,    it  must 
again  be  pointed  out  that  the  fracturing  fluid  will  follow  the   path  of 
least  resistance  and  that  this  path  cannot  be  left  to  chance. 

Of  the  II46  wells  evaluated,   formation  and  producing  zone  depths 
were  obtained  on  125.     Of  this  number,   89  wells  had  a  fracture  zone  in 
excess  of  30  feet  which  indicated  the  multifrac  method  was  in  order. 
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Detailed  fracture  information  was  obtained  on  132  wells,  seven  in  ex- 
cess of  the  number  on  which  formation  depths  were  obtained  and  it  was 
found  that  128  were  treated  by  the  single  frac  method  while  only  four 
wells  were   treated  by  multifrac 

For  a  fracturing,  fluid  kerosene  »ag  used  almost  exclusively,   only 
three  cases  being  found  to  be  otherwise.,     Crude  oil  was  used  in  one  well 
fractured  in  the   Tiona  formation  in  September  of  195U  with  practically 
no  success.     Diesel  oil  was  used  in  two  wells,   one  in  the  Third  sand, 
in  July  of  195& »  with  no  change  in  production,   and  one  well  in  the  Fourth 
sand  in  September  195>U;    the  well  was  damaged  as  a  result  of  the  treatment. 

In  97  of  the  wells  examined,  it  was  found  that  in  66,    the  frac- 
turing fluid  was  followed  by  a  jel  breaker  while  in  31  wells  no  breaker 
was  used.     The  sand-gel  mixture  is  fairly  well  standardized  to  one  pound 
of  sand  per  gallon  of  jel  and  the  exceptions  are  limited  in  range  from 
one-half  pound  to  one  and  a  half  pounds  per  gallon,, 
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B.  Effect  on  Production 

Whether  a  fracturing  job  on  a  well  was  successful  or  unsuccessful 
rests  in  the  final  analysis  on  actual  gas  production.  A  comparison  must 
be  made  of  actual  gas  production  before  and  after  fracture  and  the  longer 
the  periods  used  for  comparison,  the  more  accurate  will  be  the  evaluation. 
While  production  figures  are  the  most  valuable  asset  to  a  study  of  this 
kind,  they  are  probably  the  most  difficult  to  obtain.  All  production  in- 
formation is  of  a  rather  confidential  nature.  Another  source  of  difficulty 
is  that  the  production  from  two  or  more  wells  belonging  to  the  same  owner 
will  go  through  one  meter  so  that  the  production  from  an  individual  well 
cannot  be  determined.  However,  the  primary  source  of  difficulty  results 
from  the  newness  of  the  fracturing  technique  itself  to  this  area.  As 
stated  before  the  accuracy  of  an  evaluation  on  a  fractured  well  is  depend- 
ent on  the  observed  periods  of  production  both  before  and  after  fracture. 
Appendix  III  shows  in  tabulated  form  for  comparison  the  production  on 
7k   gas  wells.  Except  in  a  few  cases,  the  production  figures  for  these 
wells  are  shown  for  six  or  more  months  after  fracture.  The  effect  of 
fracturing  on  production  is  shown  in  the  following  summary. 
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Bradford 


Fifth  Sand 
Bayard 


33  old  wells  increased  production 
16  new  wells  increased  production 
1  old  well  decreased  production 
1  new  well  decreased  production 
3  old  wells,  no  change  in  production 
5  new  wells,  no  change  in  production 
1  new  well,  no  change  in  production 
1  new  well  increased  production 


Speechley 


2  old  wells  increased  production 
2  old  wells  decreased  production 
1  old  well,  no  change  in  production 


Speechley  and  Tiona    1  old  well,  no  change  in  production 


Tiona 

Ball town 
Sheffield 


1  old  well  increased  production 
1  new  well  increased  production 

1  new  well,  no  change  in  production 

2  old  wells  increased  production 
1  old  well  decreased  production 

1  new  well,  no  change  in  production 
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C.  Economic  Aspects 

One  of  the  more  rewarding  results  of  this  study  has  been  the  break 
down  of  the  cost  to  fracture  a  well.  This  is  one  of  the  most  important 
considerations  in  making  a  decision  to  fracture,  yet  there  is  a  general 
lack  of  knowledge  on  the  subject.  Not  only  is  the  over-all  cost  impor- 
tant, but  unit  costs  for  the  same  item  will  vary  with  different  wells, 
Fhile  there  is  no  intention  of  going  into  detail  on  costs,  Appendix  IV 
was  prepared  on  37  wells  showing  seven  major  categories  of  expense.  The 
service  company  charge  is  based  on  the  amount  of  equipment  necessary  to 
properly  fracture  the  well.  The  cost  of  kerosene  is  merely  the  amount 
used  multiplied  by  the  unit  cost.  The  most  interesting  item  is  the  cost 
of  surveys  which  average  between  $300  and  $500.  This  is  the  least  costly 
item  in  the  entire  operation  and  is  in  most  cases  deleted  in  order  to 
save  this  minor  expense.  Surveys  will  give  much  preliminary  information 
with  which  to  arrive  at  a  fracture  decision  and  should  always  be  made. 
The  information  which  they  supply  may  save  much  expense  later  on  or 
perhaps  determine  that  the  weLl  would  not  be  a  good  prospect  for  frac- 
turing, fracturing  labor  consists  of  all  wages  paid  to  set  tubing  and 
prepare  the  well  for  the  service  company.  Clean-out  labor  consists  of 
all  wages  padd  after  the  well  is  fractured.  Other  costs  are  miscellaneous 
and  include  such  items  as  accidents  and  making  the  well  accessible  to  the 
service  equipment. 

Considering  all  possible  expenses  due  to  fracturing  on  these  37 
wells,  the  average  per  well  is  $9,312.87.  The  current  price  of  gas  at 
the  well  head  averages  around  20  cents  per  1,000  cu.  ft.  In  the  area 
where  most  of  these  wells  were  drilled,  it  is  customary  for  the  operator 
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to  pay  an  annual  fee  in  lieu  of  royalty  payments.     This  fee,   of  course, 
should  be  deducted  from  income  from  gas  sales  in  determining  pay  out  on 
a  fracture  job.     Actually  the  amount  to  be  subtracted  for  such  annual 
payments  is  relatively  small.     At  the  rate  of  20   cents  per  1000  cu.   ft. 
a  fractured  well  to  be  considered  successful  must  produce  46,564,000  cu. 
ft.   of  gas  more  than  it  would  have  produced  if  unfractured.      It  is 
estimated  that  half  the  fractured  wells  in  Vifestern  Pennsylvania  will  re- 
turn the   investment  in  from  12  to  18  months  after  having  been  fractured. 
To  substantiate  this   statement,   it   is  interesting  to  note  that   out  of 
the  56  wells  whose  production  had  increased,  five  had  already  or  were 
very  likely  to  return  their  fracturing  costs  within  12  months  and  23 
more  wells  had  an  excellent  chance  of  doing  so  within  18  months. 


IV.  CORRELATION  OF  FRACTURED  vVBLLS 


A.  Production  Decline 


Hydraulic  fracturing  is  so  new  to  Western  Pennsylvania  that 
there  are  insufficient  post-fracturing  data  to  draw  any  specific  conclu- 
sions as  to  production.  Figures  1  and  2  show  graphically  the  effect 
of  fracturing  on  the  first  four  wells  used  in  this  study.  It  may  be  said 
that  in  a  successful  fracture,  there  is  a  period  of  flush  production  for 
several  months  up  to  a  year  after  the  well  is  fractured.  Beyond  this 
point,  it  may  reasonably  be  assumed  that  the  production  curve  of  the 
fractured  well  will  continue  to  decline  and  approach  the  production  of 
the  well  had  it  not  been  fractured.  If  one  were  to  speculate  further, 
it  is  believed  that  the  decline  curve  of  the  fractured  well  will  gradu- 
ally flatten  out  and  continue  to  decline  approximately  parallel  to  the 
expected  decline  curve  of  the  unf ractured  well  but  somewhat  higher. 
This  interpretation  is  based  upon  the  premise  that  by  creating  new  chan- 
nels of  flow  about  the  well  bore,  the  same  volume  of  production  may  be 
recovered  in  much  less  time  than  it  would  take  in  the  conventional 
manner  of  flow. 
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B.  Geological  Relationships 

The  Bradford  formation  is  by  far  the  most  important  producing 
formation  in  Western  Pennsylvania  and,  consequently,  the  most  highly 
exploited.  It  can  be  said  that  the  formation  in  general  responds  well 
to  fracturing  and  that  if  care  is  used  in  the  selection  of  wells,  this 
formation  will  give  the  highest  chance  of  success.  While  the  Tiona 
shows  up  well,  the  experiences  with  this  formation  has  been  too  limited 
to  make  any  conclusive  recommendation.   The  Speechley  and  Sheffield 
formations  appear  very  good  from  the  wells  that  are  successful,  but  the 
percentage  of  successful  wells  is  small  by  comparison  with  the  Bradford. 

Perhaps  the  most  interesting  formation  open  for  speculation  is 
the  Oriskany.  While  results  have  been  disappointing,  there  have  been 
a  couple  of  outstanding  successes  in  this  formation  and  it  probably  is 
the  next  formation  after  the  Bradford  that  would  warrant  further  ex- 
ploration especially  considering  the  success  with  which  the  Oriskany 
is  being  fractured  in  West  Virginia  and  Maryland. 

It  is  realized  that  not  enough  information  has  been  gained  on 
the  other  formations  to  draw  any  definite  conclusions,  but  isolated  cases 
of  outstanding  success  may  some  day  make  these  formations  popular  for 
fracturing. 
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G .     Open  Flow  Relationships 

The  open  flow  results  of  the  fractured  wells  used  in  this  study 
are  shown  in  the  following  summary. 


Producing 
Sand 

No. 
Wells 

95 

Total 
Open  Flow 

Before 
Mcf ./Day 

218$.U 

Total 
Open  Flow 

After 
Mcf ./Day 

1^8639.1 

No.   Times 
Increase 

Bradford 

22.2 

3rd  Sand 

1 

Wu7 

U3.2 

0 

iith  Sand 

3 

72.8 

32.1 

0 

5th  Sand 

3 

116.5 

351.0 

3.0 

Bayard 

3 

72.0 

101.7 

i.U 

Speechley 

10 

178.9 

1)453.2 

8.1 

Speechley 
and  Tiona 

1 

22.7 

32.0 

1.14 

Tiona 

5 

122.U 

398.8 

3.2 

Ball town 

h 

36.0 

1335.0 

37.0 

Sheffield 

5 

122.5 

817.0 

6.6 

Kane 

6 

12li.5 

871.6 

7.0 

Elk 

2 

8.7 

70.0 

8.0 

Oriskany 

8 

1071*  .0 

9^6.9 

9.0 

This  tabulation  gives  at  a  glance   the  total  relative  rates  of 
open  flow  increase  that  have  been  experienced  from  the  various  gas  pro- 
ducing formations. 

The  fracturing  procedure  in  this  area  has  become  fairly  uniform. 
In  the  lU6  wells  evaluated,  kerosene  was  the  fracturing  fluid  with  three 
exceptions,    crude  oil  was  used  in  one  and  diesel  oil  in  two. 


V.  SUMMABY  AND  CONCLUSIONS 

Statistical  analysis  of  fracturing  on  wells  in  Western  Pennsylvania 
reveals  that  in  the  Bradford  formation,  49  wells  showed  increased  produc- 
tion, two  decreased  production  and  eight  showed  no  change.  In  the  Fifth  Sand 
one  well  showed  no  change  in  production.  In  the  Bayard,  one  well  increased 
production.  In  the  Speechley,  two  wells  increased  production,  two  decreased 
production  and  one  showed  no  change.  Two  wells  in  the  Tiona  increased 
production  and  one  well  in  the  Balltown  showed  no  change.  In  the  Sheffield, 
two  wells  increased  production,  one  decreased  production  and  one  well  showed 
no  change.  In  all  formations,  56  wells  increased  production,  five  decreased 
production,  and  12  showed  no  change. 

Out  of  the  56  wells  whose  production  had  been  increased  by  fractur- 
ing, five  had  already  or  were  very  likely  to  return  their  fracturing  costs 
within  12  months  and  23  more  wells  had  an  excellent  chance  of  doing  so 
within  18  months.  This  indicates  that  of  the  successfully  fractured  wells 
whose  production  had  been  increased,  it  can  be  expected  that  50  per  cent 
of  the  wells  will  return  their  cost  of  fracturing  within  a  period  of  18 
months* 

One  of  the  most  interesting  aspects  of  this  study  has  been  the 
relationship  between  the  thickness  of  formation  fractured  and  success  of 
the  operation.  While  a  30  foot  zone  is  the  generally  accepted  maximum 
for  fracture,  by  the  single  frac  process,  it  was  found  that  in  67  per  cent 
of  the  successful  wells  evaluated,  the  zone  thickness  exceeded  this  recom- 
mended figure.  This  would  seem  to  indicate  that  even  the  thicker  formations 
in  Western  Pennsylvania  respond  well  to  single  fracturing  treatments,  elimi- 
nating the  need  for  the  more  expensive  multifrac  treatments*  rour  veils  were 
evaluate  in  ivaich  tnc  multiirac  process  was  used.  Tito  of  these  were  in  the 
Fifth  Sand,  one  in  the  Sheffield,  and  one  in  the  Kane.  The  results  in  all 
four  cases  were  disappointing. 


A.  General  Criteria  for  Application  of  Hydraulic  Fracturing 

1*  A  well  which  was  brought  in  with  a  high  initial  production, 
then  declined  quite  rapidly  to  a  lower  level  which  it  maintained  as  a 
relatively  fiat  decline  curve  over  a  period  of  time5  may  be  considered  a 
good  prospect  for  fracturing, 

2.  Well  history  should  be  correlated  with  the  type  of  drive 
existing  in  the  reservoir.  The  history  of  the  water  production  from  a 
well  gives  a  good  insight  into  the  type  of  reservoir  which  is  present  and 
aids  in  determining  whether  the  water  produced  is  connate  or  from  a  water 
drive.  Vi/ells  that,  make  a  small  amount  of  water  each  day  which  does  not 
increase  over  a  period  of  time  and  which  fluctuates  in  proportion  to  pro- 
duction may  usually  be  assumed  to  be  producing  connate  water.  In  wells 
where  the  water  production  curve  climbs  in  relation  to  production,  it  is 
possible  that  a  water  drive  is  present  or  the  well  has  been  damaged  and 
water  is  fingering  through  the  formation  making  such  a  well  a  poor  pros- 
pect for  fracturing, 

3.  The  work-over  history  of  a  well  is  an  important  consideration 
in  any  well  evaluation.  Analysis  of  the  wells  used  in  this  study  appears 
to  support  the  belief  that  wells  which  have  been  shot  with  nitroglycerin 
will  not  respond  as  well  as  those  that  have  not  been  shot  prior  to  frac- 
ture treatment o  Lime  or  sandy  lime  wells  that  have  been  acidized  can 
usually  be  expected  to  fall  below  the  expected  results  from  fracturing. 
When  it  is  considered  that  fracturing  increases  production  by  increasing 
the  flow  channels  to  the  well  bore,  it  seems  reasonable  to  assume  that 
the  process  has  a  much  better  chance  of  success  in  a  virgin  well  bore 
than  one  that  has  been  previously  worked  over  to  accomplish  a  similar 
purpose* 
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4.  To  prevent  unwarranted  expense  and  failure,  only  wells  and 
equipment  in  good  condition  should  be  selected,  as  high  pressures  will  be 
encountered  in  the  process.  Remembering  that  the  fracture  will  follow  the 
line  of  least  resistance,  a  good  primary  cementing  job  is  essential  to 
confine  the  fracturing  fluid  to  the  zone  to  be  treated.  Every  well  evaluat- 
ed in  this  study  used  a  cemented  packer.  Well  head,  casing,  packers  and 
tubing  strings  should  be  able  to  withstand  treating  pressures.  Well  number 
82  in  this  study  costing  $25,956.34  to  fracture  is  an  outstanding  example 
of  the  high  cost  of  fracturing  if  the  equipment  is  not  in  good  condition 
and  the  well  properly  prepared  for  the  treatment. 
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B.  Specific  Criteria  for  Application  of  Hydraulic  Fracturing 

1.  The  first  and  foremost  recommendation  to  be  made  is  that  any 
well  being  considered  for  fracture  should  have  an  electric  or  gamma  ray, 
temperature,,  and  caliper  log  run  on  it  to  gain  as  much  preliminary  infor- 
mation as  possible.  Through  the  use  of  the  gamma  ray  log  the  pay  zones 
may  be  located  which  may  help  to  reduce  the  thickness  of  zone  to  be  treated, 
The  temperature  log  is  a  definite  aid  in  determining  whether  the  tempera- 
ture is  sufficiently  high  for  the  fracturing  fluid  used  to  revert  to  a  low 
viscosity  fluid  without  the  use  of  a  jell  breaker.  The  caliper  log  is 
extremely  important  and  helpful  in  anticipating  fracturing  difficulties. 

In  this  area  tubing  is  run  in  open  hole  well  below  the  casing e  The  packers 
between  the  tubing  and  open  hole  are  always  cemented  to  lessen  the  possibil- 
ity of  packer  failure  due  to  the  high  fracturing  pressures .  In  addition  to 
cementing  the  packer,  it  is  customary  to  use  10  to  15  bags  of  cement  above 
the  packer  between  the  tubing  and  well  wall.  This,  of  course,  results  in 
a  higher  than  normal  cost  of  fracturing  as  the  tubing  is  not  pulled  and 
reused.  However,  by  leaving  the  tubing  in,,  the  well  remains  cleaner  over 
a  longer  period  of  time  thus  saving  future  clean  out  costs. 

2.  A  minimum  of  three  inch  outside  diameter  tubing  is  recommended 
especially  where  substantial  increases  of  flow  are  expected.  The  larger 
the  tubing  diameter,  the  less  friction  loss  in  pumping  the  fracturing 
fluid,  hence  more  effective  pressure  at  the  zone  to  be  fractured. 

3.  A  study  of  the  appendices  will  show  that  prior  to  fracturing, 
no  exact  value  of  open  flow  and  well  head  pressure  may  be  stated  that  is 
necessary  for  success.  While  there  should  be  sufficient  pressure  to  bring 
gas  into  the  well  bore,  it  does  not  appear  to  be  an  absolute  necessity 
that  high  pressures  exist.  A  rule  of  thumb  that  is  offered  for  considera- 
tion is  that  if  a  well  can  be  shut-in  for  48  or  72  hours  and  then  recover 


32 


production  of  the  shut-down  period  in  approximately  the  same  length  of 
time,  the  chances  for  success  are  good. 

4.  Normally  the  service  companies  recommend  a  maximum  fracture 
zone  of  30  feet  when  using  single  frac  and  that  multifrac  be  used  on  thicker 
zones.  Probably  the  most  important  result  of  this  study  is  the  finding  of 
the  practicability  of  using  single  frac  in  lieu  of  multifrac  for  extensive 
formation  thicknesses.  In  order  to  evalute  the  production  of  fractured 
wells  against  the  thickness  of  zone  fractured,  three  ranges  of  thickness 
were  chosen.  The  first  range  was  from  zero  to  30  feet.  The  limit  of  this 
range  was  chosen  because  of  it  being  the  generally  recommended  maximum  for 
single  frac.  The  second  range  extended  from  30  to  60  feet  giving  a  thick- 
ness up  to  double  the  recommended  maximum.  The  third  range  consisted  of 
wells  -whose  fracture  zone  was  in  excess  of  60  feet. 

In  the  Bradford  formation  there  were  11  wells  in  the  first  range 
whose  average  production  was  increased  5«5>7  times  over  what  it  was  before 
fracture o  In  the  second  range  there  were  17  wells  whose  average  production 
was  increased  10«5  times  over  what  it  was  before  fracture.  In  the  third 
range  11  wells  increased  production  6.33  times  over  average  production  be- 
fore fracture.  Such  figures  seem  to  refute  the  argument  that  multifrac 
should  be  used  in  zones  whose  thickness  exceeds  30  feet.  In  formations 
other  than  the  Bradford,  information  was  too  limited  to  draw  any  specific 
conclusions. 

5.  A.s  a  last  consideration,  it  must  be  realized  that  all  factors 
cannot  be  so  fully  evaluated  that  100  per  cent  success  is  assured,  however, 
it  is  believed  that  the  chance  for  success  may  be  greatly  enhanced  if  more 
information  on  existing  and  new  wells  Is  taken,  recorded  and  thoroughly 
evaluated.  While  much  of  the  information  gathered  for  this  study  is  not 
new  to  a  lot  of  people,  it  is  thought  that  no  one  person  has  had  access 

to  all  of  it  or  has  taken  the  time  to  make  an  evaluation  of  this  type  on 
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